Abstract: The goal of this paper is to study a well-performed coded modulation structure in visible light communication (VLC) systems equipped with red, green, and blue (RGB) light-emitting diodes (LEDs) to provide tools for performance analysis and to give guidelines for practical designs. Specifically, the protograph-based low-density parity-check (P-LDPC) codes and the optimized generalized variable degree matched mapping interleavers are applied to VLC systems for the first time. To theoretically analyze the system under concern, we utilize the protograph-based extrinsic information transfer (PEXIT) methodology that can accurately predict error performance. Furthermore, by leveraging this powerful analysis tool, we propose optimizing a VLC system from three perspectives, i.e., the interleaver design, the optimization of the power mixing ratio of RGB color lights, and the selection of coding schemes. Both PEXIT analyses and simulations verify that the performance of a VLC system can be greatly improved by optimizing these three components.
Introduction
Nowadays, using high-brightness light-emitting diodes (LEDs) for simultaneous lighting and visible light communication (VLC) has attracted much attention owing to its cost-effectiveness and ability to provide license-free and high signal-to-noise ratio (SNR) wireless links [1] - [3] . Many high-throughput optical wireless transmissions have been achieved by using white-light LEDs [4] - [6] . There are two main approaches to generate white light with LEDs: blue LEDs with phosphor [7] and separated red, green, blue (RGB) LEDs [8] . The first method using a blue LED with phosphor is simple and inexpensive, but the modulation speed is seriously limited by the long decay time of the phosphor. By contrast, the RGB LEDs are more desirable from the viewpoint of communications since the three wavelengths can be used to carry three independent data streams, which greatly increases the transmission rate by virtue of the wavelength division multiplexing (WDM) capability [6] , [9] , [10] .
Error-correcting codes have been widely adopted to guarantee the reliability of VLC systems and support the dimming control [11] - [15] . In particular, in RGB-LED-based VLC systems, due to the fact that the optical power of RGB LEDs is usually unequal for producing white light, unequal error protection (UEP) codes [16] can be very effective in exploiting the SNR difference in RGB-LED-based optical links. In this study, we employ a class of well-known protographbased low-density parity-check (P-LDPC) codes [18] , which possess UEP property and have low memory requirements, high-speed decoding structures, capacity-approaching performance and most importantly a powerful analysis tool. In addition to P-LDPC codes, we utilize the optimized generalized variable degree matched mapping (GVDMM) interleavers proposed in [17] to enhance the decoding performance at almost no additional complexity cost.
To the best of our knowledge, there have been few studies on analyzing and optimizing VLC systems that deploy LDPC codes, which is an interesting and practical topic worth a careful investigation. Accordingly, in our work, we carry out numerical analysis on a P-LDPC coded RGB-LED-based VLC system by means of the protograph-based extrinsic information transfer (PEXIT) method [19] , whose validity has been verified in many prior works such as [20] - [22] . With the aid of the PEXIT tool, we optimize the coded VLC system in three aspects, i.e., the interleaver, the power mixing ratio of RGB lights, and the selection of coding schemes. The simulations match well with the analysis results and the optimization in each aspect can provide substantial improvement in system performance.
The remainder of this paper is organized as follows. Section 2 presents a VLC system utilizing RGB LEDs and P-LDPC codes. In Section 3, we describe the P-LDPC codes, the structure of the GVDMM interleaver, and the procedure of the PEXIT analysis. In Section 4, we utilize the PEXIT analysis to optimize the P-LDPC coded VLC system and give simulated results. Finally, Section 5 concludes the paper.
System Model
We consider an RGB-LED-based VLC system using P-LDPC codes in the context of single carrier transmission as shown in Fig. 1 . At the transmitter, the information bits are encoded by a P-LDPC encoder. The encoded bits are fed to a bit interleaver and then allocated to three chips of RGB LEDs. Since we mainly focus on channel coding instead of modulation for VLC systems in this study, we utilize on-off-keying (OOK) modulation here for simplicity. The modulated optical signals of the three color LEDs are mixed according to a pre-set optical power ratio to produce white light for illumination and transmission. At the receiver, the optical filters separate the mixed white light into RGB color signals, which are further converted into electrical signals by the O/E converters, respectively. Then, the log-likelihood ratios (LLRs) of the transmitted bits are calculated by the Log-maximum a posteriori (MAP) algorithm [23] and passed to a P-LDPC decoder after performing de-interleaving. Compared with the orthogonal-frequency-division-multiplexing-based (OFDMbased) VLC systems [24] , [25] that can provide a high data rate, the single carrier transmission considered in this work has some advantages, such as a lower peak-to-average power ratio (PAPR) and less sensitivity to synchronization errors.
To produce white light with RGB LEDs, a number of factors need to be considered such as the target color, the illumination efficiency and the reliability of data transmission. Therefore, when we use RGB-based white light for VLC systems, it is vital to ensure that the white light is generated by using an appropriate optical power mixing ratio. Let us denote the average optical Fig. 1 . Typical VLC system using RGB-type white LEDs and P-LDPC codes.
power emitted from the RGB LEDs by P r ; P g ; and P b , respectively, and define the total power as P s ¼ P r þ P g þ P b . Four types of commonly used optical power mixing ratios P r : P g : P b that result in white light [15] , [26] are listed in Table 1 .
In practical systems, there exists some interference amongst the three colors. To mitigate the inter-channel cross-talk, we can apply multiple-input multiple-output (MIMO) precoding and equalization techniques in [27] , [28] . Therefore, in this study, we assume that the inter-channel interference does not exist for simplicity, which has also been adopted in [15] . Accordingly, after the received optical signals are processed by O/E conversion at the receiver, the three electrical signals corresponding to RGB lights can be written as
where Y , X , H, E , and Z represent the electrical signals after O/E conversion, the emitted light signals at the RGB LEDs, the channel attenuation, the O/E conversion efficiency, and the noise, respectively, and their subscripts r; g; and b indicate the three transmission paths of RGB lights.
In this study, the noise which includes the thermal noise and the ambient light induced shot noise is modeled as a zero-mean, signal-independent, Gaussian random variable [15] , [29] , [30] . The variances of the noise terms Z r , Z g , and Z b are assumed to be 2 ¼ N 0 =2. Without loss of generality and for notational simplicity, the channel attenuations and the O/E conversion efficiencies are assumed to be 1. The optical signal-to-noise ratio (OSNR) used in analyses and simulations is defined as follows [31, Eqn. (27) ]:
where R c denotes the information bit rate, and I avg ¼ P s ffiffiffiffiffi T s p denotes the average intensity of the white light generated by RGB LEDs, with T s being the symbol period.
P-LDPC Codes, GVDMM Structure, and PEXIT
An LDPC code can be completely represented by a bipartite graph, also called the Tanner graph [32] . A protograph [18] is a compact version of Tanner graph and usually has a relatively small number of variable/check nodes. The complete Tanner graph of a P-LDPC code can be obtained by applying a "copy-and-permutation" operation [20] on its protograph, i.e., the protograph is copied N times first and then the edges of the individual replicas are permuted among the N replicas. The protograph of an AR4A code family [33] is plotted in Fig. 2 for instance, where the transmitted variable nodes are represented by dark circles and the punctured variable node is represented by a blank circle, while the parity-check nodes are denoted by circles with a plus sign inside.
For convenience of implementation, analysis, and design, the parity-check matrices of P-LDPC codes are mostly constructed as follows [34] . We first copy and permute the protograph structure to generate a larger matrix M. Then, we replace each 1 in M with a cyclic permutation matrix and each 0 in M with a zero matrix to lift the matrix. In the lifting process, the optimization of the permutation and cyclically shifting parameters follows the method in [35] .
For bit-interleaved coded modulation systems equipped with P-LDPC codes, the GVDMM scheme is a well-performed bit-interleaving scheme [17] and its structure is shown in Fig. 3 . Firstly, the protograph with p transmitted variable nodes is copied k times and permuted to yield a codeword with length kp. Then, the kp bits of a codeword are mapped to the 3n labeling bits of the 3n OOK symbols in RGB LEDs. Specifically, we evenly divide the coded bits into p groups, where the bits in each group are related to their corresponding variable node in the protograph. We then adjust the permutation of the p groups according to a selected permutation scheme T ¼ ft 1 ; . . . ; t p g which is a permuted version of f1; . . . ; pg. Meanwhile, the output bits are evenly divided into three groups and the bits in each group are related to the corresponding color LED. The three groups are sorted in a descending order of optical power. Finally, we make a one-to-one mapping between these two reordered bit sequences. Under the GVDMM framework, the optimization of bit interleaving is reduced to searching for a good permutation scheme T and can be further simplified by virtue of the method proposed in [17] .
Let us consider a transmission system with a rate-0.5 AR4A code and RGB LEDs whose mixing ratio is P r : P g : P b ¼ 1 : 0:89 : 2:51 as an example. From Fig. 2 , we can see that there are four variable nodes to be transmitted in the protograph of the rate-0.5 AR4A code. These four variable nodes,
, have 4! ¼ 24 different permutations, which correspond to different GVDMM schemes and are denoted by T 0 ; . . . ; T 23 , respectively. After performing a simple search, we find the permutation pattern with the lowest threshold is T 3 ¼ f2; 1; 3; 4g, namely, the best permutation of the transmitted variable nodes is fV 2 ; V 1 ; V 3 ; V 4 g. The specific mapping of the GVDMM interleaver under permutation scheme T 3 is shown in Fig. 4(a) . Besides, we also introduce the consecutive mapping [36] for comparison in Fig. 4(b) , which uses the conventional interleaver without optimization and consecutively allocates the coded bits to RGB LEDs by turns.
We use the PEXIT method [19] to analyze the proposed system. This method is utilized for accurate performance analysis in various scenarios such as fading channels [20] , half-duplex relay channels [21] , and fiber-optical systems [22] . The calculation procedure of the PEXIT Fig. 2 . Protograph of AR4A family with rates 1/2 and higher. Fig. 3 . GVDMM structure.
Vol. 7, No. 6, December 2015method used here is similar to that in [17] , except the initialization step. Specifically, we first compute the extrinsic information of the soft-output demodulator based on [23] as
where L r , L g , and L b represent the LLRs of the bits assigned to RGB LEDs, respectively, and IðA; BÞ represents the mutual information between the variables A and B. The detailed derivation and the function Jð:Þ are shown in the Appendix. Afterwards, we calculate ratios j;r ¼ N j;r =N j , j;g ¼ N j;g =N j , and j;b ¼ N j;b =N j for j ¼ 1; . . . ; p, where N j denotes the number of transmitted bits corresponding to the variable node V j in the protograph, and N j;r , N j;g , and N j;b denote the number of bits selected from the N j bits first and then assigned to red, green, blue light transmission paths, respectively. The extrinsic information transferred from the soft-output demodulator to V j takes the form
The remaining steps are identical to those in [19] . We need to point out that in the initialization step of the PEXIT method, [17] uses Monte Carlo simulations to obtain the extrinsic information of the soft-output demodulator. Unlike [17] , we derive the numerical expression of the extrinsic information for RGB-LED-based VLC systems, which is more efficient and accurate. Note that we take into consideration the decoding convergence speed as well in this study. For each scheme, we carry out the PEXIT analysis with n U and n L iterations, whose results are denoted by U and L , respectively. Here, n U is much larger than n L , and U is used to predict the asymptotic performance. Meanwhile, j U À L j shows the decoding convergence speed. In practice, we select several good schemes based on the values of U first and then remove some results with quite large j U À L j. 
System Design: Analysis and Results
The PEXIT method greatly facilitates the design and optimization of P-LDPC coded systems, since we can compare the performance of various design schemes and select the best one without running time-consuming simulations. In this section, we apply PEXIT to evaluate and optimize the three aspects of the P-LDPC coded RGB-LED-based VLC systems: the interleaver, the power mixing ratio of RGB lights, and the coding protograph.
In this study, for a fair comparison, we set the code rate and the information block length to 0.5 and 4096, respectively, and employ the belief-propagation algorithm [32] for decoding where the maximum number of decoding iterations is set to 100.
Optimization of the Interleaver
With the aid of GVDMM interleaver optimization [17] , the decoding performance can be greatly improved with almost no extra complexity. As stated in Section 3, for a rate-0.5 AR4A coded VLC system with RGB LEDs whose mixing ratio is P r : P g : P b ¼ 1 : 0:89 : 2:51, the best GVDMM scheme is T 3 ¼ f2; 1; 3; 4g. By contrast, the worst one is T 10 ¼ f3; 4; 1; 2g. We show BER curves and indicate the PEXIT thresholds by vertical dash lines in Fig. 5 . From this figure, we can see that the performance gap between the GVDMM schemes T 3 and T 10 is over 0.7 dB, which is in consistent with the threshold results. Moreover, the simulations in Fig. 5 illustrate the advantage of the optimized GVDMM interleaver compared with the consecutive mapping scheme depicted in Fig. 4(b) and the random mapping scheme.
In the following two subsections, the GVDMM interleaver is always optimized for each possible optical power mixing ratio and coding scheme.
Optimization of the Optical Power Mixing Ratio
Different power mixing ratios lead to different SNRs in each color link, which directly affects the quality of data transmission in each link. Therefore, the power mixing ratio has a remarkable impact on the ultimate transmission performance. Considering the transmission reliability of RGB-LED-based VLC systems, we can evaluate the optical power mixing ratios of RGB lights listed in Table 1 through PEXIT. The coding scheme used here is a rate-0.5 AR4A code. From  Fig. 6 , we find that the best performance is obtained under the mixing ratio P r : P g : P b ¼ 1 : 2:62 : 1:96 and the performance gap between the best ratio and the worst one is almost 0.4 dB. Moreover, the overall performance with different mixing ratios can be well predicted from the thresholds calculated by the PEXIT analysis. This implies that a further optimization of the optical power mixing ratio under illumination constraints can be carried out by comparing thresholds and may provide a notable gain in BER performance.
In RGB-LED-based VLC systems, the power mixing ratio of white light is usually unique for the specific RGB LEDs. In Table 1 , the four different mixing ratios correspond to four different RGB LEDs. To further improve the system performance, we relax the constraint on the mixture ratio for generating white light. In particular, we optimize the mixture ratio along the blackbody curve in the CIE 1931 xy chromaticity diagram [37] , which is commonly used to describe the light emitted by an incandescent lamp and shows the relationship between the light color and the color temperature [38] . For each color temperature, the corresponding chromaticity coordinate and the power mixing ratio of the RGB LEDs are calculated according to [37] . Therefore, we can equivalently optimize the color temperature instead of the mixture ratio. To make our design method more practical and convincing, we perform the optimization of the power mixing ratio for an RGBA LED emitter LZC-03MA07. The relative spectral power distributions of the RGB lights are measured by the industrial-grade micro-spectrometer FX2000 and depicted in Fig. 7 . Fig. 6 . BER performance comparisons of the P-LDPC coded RGB-LED-based VLC systems with different RGB mixing ratios listed in Table 1 . For RGB-LED-based VLC systems with various color temperatures, we use a rate-0.5 AR4A code and apply the PEXIT analysis to predict coded system performance. The color temperatures are set at intervals of 100 K from 2500 K to 10000 K. The analysis results given in Fig. 8 show that the threshold decreases monotonically with the increase in color temperature. The simulated BER results and corresponding thresholds are depicted in Fig. 9 . It can be concluded from the figure that the transmission performance of this VLC system improves as the color temperature increases. For example, the gap between the two cases with color temperature 4000 K and 10000 K is about 0.8 dB, which is also consistent with the threshold results. Moreover, we give the color rendering index (CRI) [37] values of the mixed light under various mixing ratios in Fig. 10 and find that the CRI roughly increases with the growth in color temperature. Thus, according to Figs. 8-10 , both the transmission performance and the color rendering capability can be enhanced after the optimization of the mixing ratio.
The Selection of Coding Schemes
Finally, we can adopt the PEXIT method to analytically predict the overall performance of an RGB-LED-based VLC system with different coding schemes. In this part, we suppose that an RGB-LED-based system is working under the mixing ratio P r : P g : P b ¼ 1 : 11:17 : 7:19. We choose this ratio in Table 1 since it results in the largest signal-to-noise ratio (SNR) difference among three LEDs, which poses a great challenge for error-correcting codes. The optional coding schemes with rate 0.5 include a regular (3, 6) LDPC code, an AR4A code, an AR4JA code [39] , and two newly proposed P-LDPC codes in [40] . The non-precoded code and the precoded code with the same design method in [40] are denoted by N1 code and N2 code, respectively. We compare the threshold results of the optional coding schemes and find that the N2 code has the lowest threshold. The simulated results shown in Fig. 11 verify that the N2 code performs best and these results match well with the PEXIT analyses. For the irregular P-LDPC codes, the performance gain from the code selection is about 0.4 dB. Besides, from Fig. 11 , we can see that the N2 code outperforms the regular (3, 6) code by about 0.7 dB. As an ongoing effort, we are expecting to construct a specially-designed code for the RGB-LED-based VLC system by means of the PEXIT analysis to obtain a larger gain.
Conclusion
In this paper, we have employed the P-LDPC codes and the optimized generalized variable degree matched mapping (GVDMM) interleavers in RGB-LED-based VLC systems for the first time. To theoretically analyze the above system, the PEXIT method has been utilized to calculate thresholds as performance prediction. By using the thresholds as measure criteria, we have optimized and evaluated the interleaver, the power mixing ratio of RGB lights, and the selection of coding schemes for an RGB-LED-based VLC system equipped with P-LDPC codes. Both analyses and simulations verify that the optimization of these three parts can provide significant improvement in system performance.
Appendix
First, consider the system model Y ¼ X þ N, where the probability mass function of the variable X is Prðx ¼ AE1Þ ¼ 0:5, and N is zero-mean, Gaussian noise with variance 2 n . 1 The LLR L is calculated as
where pðy jx ¼ þ1Þ represents the probability density function of y conditioned on the event x ¼ þ1. As stated in [23] , the LLR conditioned on X ¼ x is Gaussian with mean ch ¼ ð2= 
For computer implementation, in [23] , curve-fitting techniques for the function Jð:Þ were used, and Then, consider our system and take the red light path as an example. The corresponding system model is
where Prðx r ¼ 2I r Þ ¼ Prðx r ¼ 0Þ ¼ 0:5, I r is the average light intensity of the red LED, and N r is zero-mean, Gaussian noise with variance 2 . The LLR L r is computed as 
According to (2), we can obtain
where (a) holds because I r ¼ P r ffiffiffiffiffi T s p and I avg ¼ P s ffiffiffiffiffi T s p [31] , and (b) is due to (1). Before proceeding, we need the following theorem.
Theorem 1:
For any invertible function gð:Þ, the mutual information between the variables A and B is equal to the mutual information between the variables A and gðBÞ, i.e., IðA; BÞ ¼ IðA; gðBÞÞ.
Proof:
Let us denote the inverse function of gð:Þ by g (5) and (6), respectively.
Similarly, we can achieve
